It is known that islet function is reciprocally related to peripheral insulin sensitivity, in that insulin secretion is adaptively increased in insulin resistance [1±7]. This relation is disturbed in subjects with Type II (non-insulin-dependent) diabetes mellitus and impaired glucose tolerance [2, 5±11]. This shows that islet dysfunction is a pathogenetic factor for Type II diabetes as has been proposed [12±14]. The intimate relation between insulin secretion and insulin sensitivity suggests that it is also the islet capacity in relation to the ambient insulin sensitivity which is the critical factor for development of glucose intolerance and diabetes, rather than the absolute insulin secretory capacity in itself.
tion after iv arginine (5 g) at fasting, 14 and greater than 25 mmol/l glucose concentrations before and after lowering of insulin sensitivity by oral dexamethasone (3 mg twice daily for 2 1/2 days) in 10 women with normal glucose tolerance, aged 58 or 59 years. Results. Dexamethasone reduced insulin sensitivity in both groups. Fasting insulin concentration increased by dexamethasone in high insulin sensitivity (72 ± 10 vs 49 ± 9 pmol/l, p = 0.043) but not in low insulin sensitivity (148 ± 63 vs 145 ± 78 pmol/l) whereas the fasting glucose concentration increased in low insulin sensitivity (6.5 ± 0.8 vs 5.8 ± 0.6 mmol/l, p = 0.043) but not in high insulin sensitivity (5.3 ± 0.8 vs 5.3 ± 0.6 mmol/l). Fasting glucagon concentration was not changed. Plasma insulin concentrations after raising glucose to 14 and more than 25 mmol/l and the insulin response to arginine at more than 25 mmol/l glucose were increased by dexamethasone in high insulin sensitivity (p < 0.05) but not changed by dexamethasone in low insulin sensitivity. Furthermore, in high but not in low insulin sensitivity, dexamethasone reduced the glucagon response to arginine (p = 0.043). Conclusion/interpretation. The results show that adaptation in islets function to dexamethasone-induced short-term reduction in insulin sensitivity is lacking in subjects with low inherent insulin sensitivity. [Diabetologia (1999) 42: 936±943] Keywords Insulin secretion, glucagon secretion, islet function, insulin sensitivity, dexamethasone.
have to respond with a more pronounced increase in insulin secretion than subjects with high insulin sensitivity when insulin sensitivity is similarly reduced, to maintain normal glucose tolerance. Whether this actually occurs following short-term changes in insulin sensitivity is not known, however, largely because studies showing the relation between insulin sensitivity and insulin secretion in normal subjects have been cross-sectional studies of groups of subjects. Furthermore, previous studies on short-term reduction of insulin sensitivity in individual humans, by means of dexamethasone and nicotinic acid, have shown that islet function is indeed adaptated to increased insulin secretion [15, 16] . These studies have, however, not taken into account the individual differences in insulin sensitivity between subjects, and therefore, these studies could not establish whether the islet adaptation to insulin resistance is dependent on the inherent insulin sensitivity.
Knowledge on islet regulation by short-term changes in insulin secretion is thus lacking in individual humans. This is important to establish because it will provide insight into the mechanism of impaired glucose tolerance or diabetes under conditions of reduced insulin sensitivity, such as pregnancy or treatment with glucocorticoids. The present study therefore compared the islet adaptation to about 50 % reduction in insulin sensitivity in healthy subjects with high compared with low insulin sensitivity. The subjects were recruited from a population study in healthy postmenopausal women (with normal glucose tolerance) who had undergone a euglycaemic, hyperinsulinaemic clamp to establish their insulin sensitivity [6] . From this study, five subjects with high and five subjects with low insulin sensitivity were selected. Islet function was evaluated by the glucose-dependent arginine stimulation test for determining insulin and glucagon secretion [17] which we evaluated recently [18] . Insulin sensitivity was reduced by means of dexamethasone, which was given to the subjects for 2 1/2 days, after which new tests for determining insulin sensitivity and islet function were carried out.
Subjects and methods
Subjects. We studied 10 postmenopausal Caucasian women aged 58 or 59 years. The subjects belonged to a study population of non-diabetic women who underwent a euglycaemic, hyperinsulinaemic clamp to establish their insulin sensitivity [6] . In the study group of 108 women, insulin sensitivity had a normal distribution with a mean ± SD of 71.8 ± 30.5 nmol glucose´kg body weight . The ten women selected for this study were chosen because five of them had low insulin sensitivity whereas the other five had high insulin sensitivity. The five women with high insulin sensitivity belonged to the highest distribution quartile of all women ( > 88  nmol glucose´kg body weight   ±1´m   in   ±1   /pmol insulin´l   ±1   ) , whereas the five women with low insulin sensitivity belonged to the lowest distribution quartile of all women ( < 50 nmol glucose´kg body weight ±1´m in ±1 /pmol insulin´l ±1 ). All women were healthy with normal glucose tolerance as shown by an oral glucose (75 g) tolerance test according to WHO criteria [19] . None of the women was taking any medication known to affect carbohydrate metabolism. Table 1 shows the clinical characteristics of the subjects in the two groups. The study was approved by the ethics committee at Lund University. All subjects gave written informed consent before joining the study.
Research design. Each subject participated in four separate tests: the euglycaemic, hyperinsulinaemic clamp and the glucose-dependent arginine-stimulation test with or without prior treatment with oral dexamethasone (Dexacortal, Organon, Oss, The Netherlands; 3 mg in the morning and evening for the 2 days before the tests and 3 mg at 0800 hours in the morning of the test, i. e. a total of 15 mg dexamethasone). The four tests were done with a 2±4 weeks interval between each test.
Insulin sensitivity. Insulin sensitivity was determined with the euglycaemic, hyperinsulinaemic clamp method [20] . After an overnight fast, intravenous catheters were inserted into antecubital veins in both arms. One arm was used for infusion of glucose and insulin. The contralateral arm was used for intermittent sampling, and the catheter was kept patent with slow infusion of 0.9 % saline. Base-line samples of glucose and insulin were taken. A primed-constant infusion of insulin (Actrapid 100 U/ml, Novo Nordisk, Bagsvaerd, Denmark) with a constant infusion rate of 0.28 nmol/m 2 body surface area/min was started. After 4 min, a variable rate 20 % glucose infusion was added and its infusion rate was adjusted manually throughout the clamp procedure to maintain the blood glucose concentration at 5.0 mmol/l. Blood glucose was determined at bedside 5.0 ± 0.5 5.0 ± 0.5 NS P -value indicates the probability level of random difference between the groups. Data are given as means ± SD every 5 min. Samples for analysis of the insulin concentration obtained were taken at 60 and 120 min.
Islet function. Insulin and glucagon secretion were determined with intravenous arginine stimulation at three glucose concentrations (fasting, 14 and > 25 mmol/l), as described previously [17, 18] . After an overnight fast, intravenous catheters were inserted into antecubital veins in both arms. One arm was used for infusion of glucose and the other arm for intermittent sampling. The sampling catheter was kept patent by slow infusion of 0.9 % saline when not used. Base-line samples were taken at ±5 and ±2 min. A dose of arginine hydrochloride (5 g), which produces maximum stimulation, was then injected intravenously over 45 s. Samples were taken at + 2, + 3, + 4 and + 5 min. A variable-rate 20 % glucose infusion was then initiated to raise and maintain glucose at 13±15 mmol/l. Blood glucose was determined every 5 min at bed-side and the glucose infusion adjusted to reach the desired blood glucose concentration of 13±15 mmol/l in 20±25 min. New base-line samples were taken, then arginine (5 g) was again injected and samples taken at + 2, + 3, + 4 and + 5 min. A 2.5-h resting period was then allowed to avoid the well-known priming effect of hyperglycaemia [21, 22] . After the pause, base-line samples were again obtained. Then a high-speed (900 ml/h) 20 % glucose infusion during 25±30 min was used to raise glucose to more than 25 mmol/l, as determined at bed-side. At this blood glucose concentration, new base-line samples were taken and arginine (5 g) injected, followed by final samples taken at + 2, + 3, + 4 and + 5 min.
Analyses. Blood glucose concentration was determined at bedside by the glucose dehydrogenase technique with a Hemocue (Hemocue AB, ¾ngelholm, Sweden) during the hyperinsulinaemic, euglycaemic clamp and with an Accutrend (Boehringer Mannheim Scandinavia AB, Bromma, Sweden) during the arginine test. The Hemocue showed an intra-assay coefficient of variation of 2.1 % at 5 mmol/l glucose and the accuracy when compared with standard determined with the glucose oxidase method was 101 ± 3 % with a regression of r = 0.99. The accuracy for the Accutrend compared with standard determined with the glucose oxidase method was 102 ± 3 % with a regression of r = 0.99. Blood samples for analysis of insulin, glucagon and glucose from the arginine and clamp studies, and glucose from the oral glucose tolerance test were immediately centrifuged (3000 rpm; 10 min; 4°C) and serum or plasma frozen at ±20°C until analysis in duplicate. Serum insulin and plasma glucagon concentrations were analysed with doubleantibody radioimmunoassay techniques. For the insulin assay, guinea-pig anti-human insulin antibodies, human insulin standard and mono-125 I-Tyr-human insulin (Linco Res., St Charles, Mo., USA) were used. The assay is specific for insulin, with no cross-reactivity ( < 0.2 %) with intact proinsulin or des-31,32-proinsulin. The intra-assay and interassay coefficients of variation (CV) of the insulin assay is less than 3 %. Samples for analysis of glucagon were obtained in pre-chilled test tubes containing 0.084 ml EDTA (0.34 mol/l) and aprotinin (250 kallikrein inhibiting units/ml blood, Bayer, Leverkusen, Germany). Analysis of glucagon concentration was done by doubleantibody radioimmunoassay using guinea-pig antihuman glucagon antibodies specific for pancreatic glucagon, 125 I-glucagon as tracer and glucagon standard (Linco). Plasma glucose concentrations were analysed using the glucose oxidase method. Concentrations of insulin, glucagon and glucose from the arginine and clamp studies were taken as means of the duplicate samples.
Calculations and statistics. Data are presented as means ± SD, unless otherwise noted. For calculation of insulin sensitivity, a steady state condition was assumed during the second hour of the clamp. Calculations were done as described previously [20] . Thus, insulin sensitivity (nmol glucose´kg body weight ±1´m in ±1 /pmol insulin´l ±1 ) was taken as the glucose infusion rate during the second hour of the clamp divided by the measured mean insulin concentration during the second hour of the clamp. The arginine-induced insulin responses (AIR; ªacute insulin responseº) were calculated as the mean of the samples taken at + 2 to + 5 min minus the mean prestimulus insulin concentration. The slope between AIR at fasting glucose and at glucose 14 mmol/l (slope AIR = DAIR/Dglucose) was calculated as a measure of glucose potentiation of insulin secretion [14, 23] using the plasma glucose values that had been determined. The arginine-induced glucagon responses (AGR) and the slope AGR (glucose inhibition of glucagon secretion) were calculated in the same manner. Statistical analyses were done by the SPSS for Windows system (SPSS, Chicago, Ill., USA). Effects of dexamethasone within each group were tested with Wilcoxon signed rank test.
Results
Glucose, insulin and insulin sensitivity. Dexamethasone reduced insulin sensitivity by the same degree in both groups, by 50 ± 20 % in those with high insulin sensitivity (p = 0.043) and by 66 ± 11 % in those with low insulin sensitivity (p = 0.043) ( Table 2) . At the same time, fasting plasma glucose concentration was increased by dexamethasone in subjects with low insulin sensitivity (p = 0.043; Table 3 ) but not in those with high insulin sensitivity. Fasting serum insulin concentrations were, in contrast, increased by dexamethasone in subjects with high insulin sensitivity (p = 0.043; Table 3 ) but not in subjects with low insu- Means ± SD are shown. a indicates the probability level of p = 0.043 of the random difference within the respective study groups with vs without treatment with dexamethasone as obtained by Wilcoxon signed rank test for two related samples. b nmol glucose × kg body weight 1 × min 1 /pmol insulin × l 1 lin sensitivity. Fasting plasma glucagon concentration was not changed by dexamethasone in any of the two groups. Hence, subjects with low insulin sensitivity did not show increased serum insulin concentration upon a further deterioration of insulin sensitivity, which was accompanied by manifest hyperglycaemia, whereas subjects with high insulin sensitivity had increased serum insulin concentration and maintained normoglycaemia.
Islet function. Figure 1 shows the AIR and AGR to arginine, respectively, at the three different glucose concentrations in the subjects with low and high insulin sensitivity with or without treatment with dexamethasone and Table 3 shows the serum insulin and glucagon concentrations as well as slope AIR and slope AGR during the tests. In subjects with low insulin sensitivity, dexamethasone did not change the increase in serum insulin induced by increased concentration of circulating glucose, the AIRs to arginine or the slope AIR . In contrast, in subjects with high insulin sensitivity, dexamethasone potentiated the increase in serum insulin concentration induced by raising circulating glucose, the AIR to arginine at greater than 25 mmol/l glucose and the slope AIR (p = 0.043). Furthermore, in subjects with low insulin sensitivity, dexamethasone did not change the AGRs to arginine or the slope AGR , whereas in subjects with high insulin sensitivity, dexamethasone reduced the AGRs to arginine at all glucose concentrations (p = 0.043). The reduction in plasma glucagon concentration induced by the increase of circulating glucose concentration was not affected by dexamethasone in any of the two study groups.
Relation between insulin sensitivity and islet function. Figure 2 shows the change in the AIR to arginine at glucose greater than 25 mmol/l (maximum AIR = AIR MAX ) in the two study groups with or without treatment with dexamethasone in relation to insulin sensitivity. It is seen that in subjects with high insulin sensitivity, the reduction in insulin sensitivity was accompanied by an increased AIR MAX whereas in subjects with low insulin sensitivity, no such compensation was seen. This difference in islet adaptation can also be illustrated by multiplying insulin sensitivity times AIR MAX . This product was not changed by dexamethasone in subjects with high insulin sensitivity (103 ± 12 mmol´kg ±1´m in ±1 before dexamethasone vs 73 ± 8 mmol´kg ±1´m in ±1 after dexamethasone = NS), since insulin secretion compensated the reduced insulin sensitivity but fell in subjects with low insulin sensitivity (63 ± 10 vs 21 ± 4 mmol´kg 
Discussion
This study shows that the adaptively increased insulin secretion which occurs as a result of short-term reduction in insulin sensitivity is lacking in subjects with low insulin sensitivity even in healthy subjects with normal glucose tolerance. This result has bearing both for the understanding of the intimate relation between insulin secretion and insulin sensitivity in subjects with normal glucose tolerance as well as for the understanding of development of glucose intolerance and diabetes under conditions of insulin resistance. Several previous studies have examined the relation between insulin sensitivity and insulin secretion in different groups of subjects and it has been convincingly shown that an inverse relation between these variables exists [1±7]. As was predicted [1] and has been shown [2] , the inverse relation between insulin sensitivity and insulin secretion has a hyperbolic relation. By comparing different groups of subjects in cross-sectional studies, it has also been shown that subjects with Type II diabetes or who are at risk of developing Type II diabetes, for example subjects with impaired glucose tolerance, show a disturbance in this relation in that insulin secretion is not adequate for the ambient insulin sensitivity [2, 5±11]. There- Table 3 . Results of the glucose-dependent arginine stimulation test with or without treatment with dexamethasone (DEX) in healthy women with low (n = 5) or high insulin sensitivity (n = 5) PG indicates plasma glucose. Means ± SD are shown. a indicates the probability level of p = 0.043 of random difference within the respective study groups with vs without treatment with dexamethasone as obtained by Wilcoxon signed rank test for two related samples fore, by comparing the relation between insulin sensitivity and insulin secretion in cross-sectional groups of subjects it is possible to establish the degree of risk for developing glucose intolerance.
For the individual subject it might, however, be more important, for the risk of developing glucose intolerance, how islet function copes with a change in insulin sensitivity over time. This has been the subject of a few studies before. A first study showed in healthy young men that a 2 1/2 day treatment with dexamethasone adaptively increased insulin secretion induced by glucose and the b-adrenoceptor agonist isoproterenol at glucose concentrations of about 14 mmol/l [15] . Furthermore, an increased AIR to arginine after induction of insulin resistance with nicotinic acid in healthy men has been shown [16] . Moreover, insulin resistance in pregnancy has been shown to be associated with increased insulin secretion [24, 25] . Conversely, exercise training in older adults resulted in increased insulin sensitivity followed by reduced insulin secretion [26] . Similarly, we have shown that induction of insulin resistance in mice by means of high-fat diet results in a potentiated insulin secretory response to several different nonglucose stimuli, although the response to glucose is impaired [27] . Although these studies indicate that lowering of insulin sensitivity is followed by increased insulin secretion, they could not answer whether the regulatory ability was different in subjects with low compared with high insulin sensitivity, since the groups were not stratified for insulin sensitivity.
In this study we examined subjects with low compared with high insulin sensitivity. We used dexamethasone to lower insulin sensitivity because it is known to considerably reduce insulin action within a 2-day period and therefore to be suitable for studies on effects of insulin induced under short-term conditions [15, 28±30] . Corticosteroids have been shown to inhibit insulin secretion, as shown both in perfused rat pancreas and in isolated islets [31±34]. Therefore, although still possible, a potentiated insulin secretion after the induction of low insulin sensitivity in vivo, is most likely not caused by a direct stimulatory islet effect of dexamethasone but rather indirectly through the adaptive islet regulation by insulin resistance. A remaining possibility, without as yet any direct evidence is, however, that dexamethasone would influ- ence islet function differently in subjects with low compared with high insulin sensitivity. For the determination of islet function, we used the glucose-dependent arginine-stimulation test [17, 18] . This test uses arginine to stimulate insulin and glucagon secretion at three different glucose concentrations. This method enables calculations of insulin and glucagon secretory capacity as well as the glucose potentiation of insulin secretion and the glucose inhibition of glucagon secretion and therefore gives multifaceted information of islet function. We showed recently that the method exhibits a good reproducibility [18] .
Our results show that in subjects with high insulin sensitivity, a pronounced reduction of the insulin sensitivity by dexamethasone is accompanied by increased insulin secretory response to arginine at high glucose concentrations as well as by increased plasma insulin concentrations after raising the glucose concentrations and an increased slope AIR , which are all indications of increased beta-cell secretion. Hence, in these subjects, a beta-cell adaptation to reduction in insulin sensitivity has occurred. In contrast to these findings, the subjects with low insulin sensitivity did not show any increase in beta-cell secretion in spite of a 66 % reduction in insulin sensitivity. These subjects did not further increase their baseline hyperinsulinaemia whereas increased baseline insulin was achieved in subjects with high insulin sensitivity. Consequently, fasting glucose concentrations increased in subjects with low but not in those with high insulin sensitivity. It was previously shown that low capacity for insulin secretion is a risk factor for developing glucose intolerance upon treatment with dexamethasone [35±37] . Although the subject material in our study is limited and therefore caution is warranted in the interpretation of the data, our results suggest that inherent low insulin sensitivity is also a risk factor for developing glucose intolerance if insulin sensitivity is further reduced, although these subjects have a high insulin secretion due to the low insulin sensitivity. This risk could be ascribed to the finding that subjects with low insulin sensitivity have reached a limit for islet adaptation.
The mechanisms underlying the islet adaptation to the reduced insulin sensitivity cannot be established in this study but is of interest since islet dysfunction in impaired glucose tolerance and diabetes may rely on disturbances in these mechanisms. One possibility is that a slight hyperglycaemia has transiently evolved in insulin resistance and this would stimulate insulin secretion. This mechanism is, however, not supported by our present results, since it was the subjects with low insulin sensitivity, i. e. those with lowest adaptative islet response, who developed (slight) hyperglycaemia, whereas those with high insulin sensitivity, i. e. low islet adaptation, did not develop hyperglycaemia. On the other hand, we did not draw samples for glucose analysis during the 2-day period of steroid treatment. A second possibility is that insulin resistance had increased the circulating concentration of non-esterified fatty acids and these had stimulated insulin secretion. This could be a possible phenomenon in relation to diabetes pathophysiology by explaining a subsequent failure of islet function, since longstanding increase in circulating concentrations of non-esterified fatty acids inhibits insulin secretion [38] . A third mechanism could be increased parasympathetic activity, which might be induced by the insulin resistance, in turn increasing insulin secretion. Studies in experimental insulin resistance in animals challenged with a high-fat diet have supported such a mechanism [39] . Finally, a fourth mechanism could involve leptin. The circulating concentration of leptin is increased in obesity and insulin resistance as well as after treatment with dexamethasone [40, 41] . A hypothesis is that leptin mediates the islet adaptation to insulin resistance which is supported by studies showing that circulating leptin concentration correlates with measures of insulin secretion in humans [42] . Leptin is, however, also known to inhibit insulin secretion by direct beta-cell action [43] which instead would indicate that leptin might be involved in the development of islet dysfunction in obesity and insulin resistance. Nevertheless, leptin might be beneficial for islet function in obesity and insulin resistance, since it has been shown that leptin reduces lipid accumulation in islet beta cells which occurs in obesity and this might be beneficial for islet function [44] . Further studies are required to establish the important mechanisms mediating islet adaptation to insulin resistance. Solving these mechanisms might offer not only a new understanding of the physiology of glucose homeostasis but also new targets for the treatment of impaired glucose tolerance and diabetes.
An interesting observation in this study is that glucagon secretion in response to arginine was adaptively reduced by dexamethasone in subjects with high insulin sensitivity, whereas no such reduction was seen in subjects with low insulin sensitivity. In a previous study, we detected a slightly lower glucose inhibition of glucagon secretion in women with impaired glucose tolerance [6] . The present study suggests that the short-term islet adaptation to insulin resistance involves reduction in glucagon secretion in subjects with high insulin sensitivity.
In conclusion, our study provides evidence for a short-term islet adaptation to reduction in insulin sensitivity in healthy postmenopausal women with high insulin sensitivity manifested as increased betacell secretion and inhibited alpha-cell secretion. This resulted in increased fasting insulin concentrations which maintained the baseline glucose. In contrast, in subjects with low insulin sensitivity, the islet adaptation is disturbed, involving both insulin and glucagon secretion. Therefore, although our results need to be confirmed in larger study groups, the study sug-gests that low inherent insulin sensitivity is a risk factor for developing impaired glucose tolerance in subjects with normal glucose tolerance due to an inadequate reserve to adapt islet function to a further compromise of insulin sensitivity. The study also emphasises the importance of taking the individual insulin sensitivity into account when studying consequences of changes in insulin sensitivity for insulin secretion.
